abstract: Azoospermic factor c (AZFc) deletions are the underlying cause in 10% of azoo-or severe oligozoospermia. Through extensive molecular analysis the precise genetic content of the AZFc region and the origin of its deletion have been determined. However, little is known about the effect of AZFc deletions on the functionality of germ cells at various developmental steps. The presence of normal, fertilizationcompetent sperm in the ejaculate and/or testis of the majority of men with AZFc deletions suggests that the process of differentiation from spermatogonial stem cells (SSCs) to mature spermatozoa can take place in the absence of the AZFc region. To determine the functionality of AZFc-deleted spermatogonia, we compared in vitro propagated spermatogonia from six men with complete AZFc deletions with spermatogonia from three normozoospermic controls. We found that spermatogonia of AZFc-deleted men behave similar to controls during culture. Short-term (18 days) and long-term (48 days) culture of AZFc-deleted spermatogonia showed the same characteristics as non-deleted spermatogonia. This similarity was revealed by the same number of passages, the same germ cell clusters formation and similar level of genes expression of spermatogonial markers including ubiquitin carboxyl-terminal esterase L1 (UCHL1), zinc finger and BTB domain containing 16 (ZBTB16) and glial cell linederived neurotrophic factor family receptor alpha 1 (GFRA1), as well as germ cell differentiation markers including signal transducer and activator of transcription 3 (STAT3), spermatogenesis and oogenesis specific basic helix-loophelix 2 (SOHLH2), v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) and synaptonemal complex protein 3 (SYCP3). The only exception was melanoma antigen family A4 (MAGEA4) which showed significantly lower expression in AZFc-deleted samples than controls in short-term culture while in long-term culture it was hardly detected in both AZFc-deleted and control spermatogonia. These data suggest that, at least in vitro, spermatogonia of AZFc-deleted men are functionally similar to spermatogonia from non-deleted men. Potentially, this enables treatment of men with AZFc deletions by propagating their SSCs in vitro and autotransplanting these SSCs back to the testes to increase sperm counts and restore fertility.
Introduction
Azoospermic factor c (AZFc) deletions are a common molecular cause of spermatogenic failure with a frequency of about 10% in men with nonobstructive azoospermia or severe oligozoospermia (Vogt et al., 1996; Kuroda-Kawaguchi et al., 2001) . The AZFc region contains five multicopy gene families namely Deleted in azoospermia (DAZ), Chromo domain on Y (CDY1), Basic charge Y-linked, 2 (BPY2), Golgi autoantigen Golgin subfamily A2 like Y (GOLGA2LY) and Chondroitin sulfate proteoglycan 4 like Y (CSPG4LY) (Kuroda-Kawaguchi et al., 2001; Skaletsky et al., 2003) . These genes are all expressed exclusively or predominantly in the testis and are therefore thought to play a role in spermatogenesis . However, the precise function of AZFc genes in humans is unknown. Most of our knowledge on the function of AZFc genes comes from animal studies (Gromoll et al., 1999; Kostova et al., 2002; Vera et al., 2002; Richardson et al., 2009) . In Cynomolgus monkey for instance, cyn DAZ/DAZL (the homolog of human DAZ) is expressed in spermatogonia, spermatocytes, round and elongated spermatids and its associated protein is suggested to shuttle RNA between nucleus and cytoplasm (Gromoll et al., 1999; Vera et al., 2002) . Cyn CDY1 is only expressed in round and elongated spermatids and it is suggested to be involved in chromatin binding and fatty acid oxidation (Kostova et al., 2002) . In more distant species such as drosophila and mouse, genetic knockout studies have demonstrated that homologs of human DAZ are essential for male fertility (Eberhart et al., 1996; Ruggiu et al., 1997; VanGompel and Xu, 2010) . BPY2, mostly studied in human (Tse et al., 2003; Wong et al., 2004) , is expressed in the nuclei of spermatogonia, spermatocytes and round spermatids which suggests that BPY2 is likely to function throughout male germ cell development (Tse et al., 2003) . However, the function of GOLGA2LY and CSPG4LY is still largely unknown.
In humans, AZFc deletions always cause either oligozoospermia or azoospermia (Vogt et al., 1996) . In 70% of azoospermic men with AZFc deletions, mature sperm can be found in their testes upon testicular sperm extraction (TESE) (Silber et al., 1998; Oates et al., 2002; Choi et al., 2004; Gambera et al., 2010) . Spermatozoa retrieved from men with AZFc deletions are fertilization competent and, when used for ICSI (intracytoplasmic sperm injection), produce viable embryos and pregnancy at similar rates as spermatozoa of men without AZFc deletions Liu et al., 2013) . In several cases AZFc deletions have even been transmitted to offspring via natural conception (Toth et al., 2001; Patsalis et al., 2002; Kuhnert et al., 2004; Minor et al., 2007; Zhu et al., 2010) . Histological evaluation of testes in men with AZFc deletion indicates the presence of a heterogeneous phenotype of Sertoli cell only (SCO) tubules, tubules with maturation arrest (MA) and tubules with normal spermatogenesis (Luetjens et al., 2002) . All together, these observations indicate that in the majority of men with an AZFc deletion there is continuous spermatogenesis up to spermatozoa albeit to a much lesser extent (30 -75%) potentially as a result of a low number of spermatogonia or a lower efficiency of differentiation (Hopps et al., 2003; Ferras et al., 2004; Stouffs et al., 2005; Patrat et al., 2010; Kim et al., 2012; Zhang et al., 2013) .
In this study we aimed to determine the functional capacity of spermatogonia from men with AZFc deletions. We compared the behavior of spermatogonia in culture as well as the expression levels of specific spermatogonial and germ cell differentiation markers in cultured spermatogonia of AZFc-deleted men to cultured spermatogonia of men without an AZFc deletion with normal spermatogenesis.
Materials and Methods

Patients
AZFc-deleted patients were selected from our cohort of 2206 consecutively included male partners of subfertile couples, who were referred to the Center for Reproductive Medicine of Academic Medical Center (Amsterdam, the Netherlands) from January 2000 until December 2012. We identified 19 men with a complete AZFc deletion and of six of these men (AMC1295, AMC1426, AMC1835, AMC2200, URO0099 and URO0155) we had enough spare testicular tissue from a TESE procedure to investigate the characteristics of spermatogonia in vitro. As controls we used healthy testicular tissue from three prostate cancer patients who underwent bilateral orchidectomy as part of their treatment (URO0034, URO0059 and URO0077). All these controls had normal spermatogenesis as determined by histology and all were confirmed to have an intact AZFc region. Testis tissue of these control men has also been used in previous studies (Chikhovskaya et al., 2013; Nickkholgh et al., 2014) .
Ethical approval
From all men, patients and controls, we obtained informed consent to use their spare tissue for research purposes. According to Dutch law, spare human tissues can be used for research without approval of a medical ethical committee as none of the patients had to undergo any additional intervention to obtain the material for this research.
Histological evaluation
Part of the testis biopsy from all men were fixed in diluted Bouin's solution, processed as paraffin blocks and cut in 5 mm sections. For each patient one slide was stained by conventional hematoxylin and eosin and seminiferous tubules were graded using the Johnsen score (Johnsen, 1970) . In this classification system, at least 40 seminiferous tubules are evaluated and individually scored in a range from one to ten. Transversal tubules in this section with complete spermatogenesis with .10 spermatozoa without apoptotic cells are given a score of 10 and with apoptotic cells in the lumen are given a score of 9, SCO is scored as 2 and sclerotic tubules without Sertoli cells are given a score of 1.
Sequence-tagged sites (STS) deletion confirmation
To confirm the presence or absence of AZFc deletions, testicular tissue DNA was extracted using QIAamp DNA Mini Kit (51304, Qiagen, Germany). Multiplex PCR was performed using six STS markers: sY142, sY1191, sY1197, sY1201, sY1206 and sY1291 as previously described .
Testicular cell isolation and culture
Testicular cells were isolated and cultured as previously described (Sadri-Ardekani et al., 2009) . The input of tissue varied depending on the amount of material that was left over from the TESE procedure (range 150 -300 ml). Briefly, after two steps enzymatic digestion and overnight plating, floating cells were collected, plated in uncoated plastic dishes and cultured in supplemented stempro-34 (Invitrogen, USA) in 5% CO 2 at 378C. The cells were passaged every 7 -10 days. The formation of germ line stem cell clusters (GSCs) in culture was checked. Cultured cells were harvested at 18 days (short-term culture) and 48 days (long-term culture) of culture for magnetic assisted cell sorting (MACS) to enrich for germ cells or SSCs for further expression analyses.
Magnetic assisted cell sorting
Short-term and long-term cultured cells were labeled with biotin conjugated anti-integrin alpha 6 (ITGA6) (313604, Biolegend, USA) to enrich for SSCs (ITGA6+ cells) (Nickkholgh et al., 2014) or APC conjugated anti-HLA I (human leukocyte antigen I, 555555, BD Pharmingen, USA) to enrich for germ cells at all steps of development including spermatogonia and SSCs (HLA 2 cells) (Hutter and Dohr, 1998 Quantitative real-time polymerase chain reaction RNA was extracted from the cell pellet of the sorted human short-term and long-term cultured testicular cells using the RNeasy Mini kit (74104, Qiagen, Germany). Copy DNA (cDNA) was synthesized from an equal amount of RNA of all samples using random primers and M-MLV reverse transcriptase (28025-021, Invitrogen, USA). Although we used various amount of tissue for culture, after culture, sorting and RNA isolation an equal amount of RNA was used as input for the gene expression analyses.
To investigate whether AZFc genes were expressed in spermatogonia in our culture system, expression of BPY2, CDY1, DAZ1, GOLGA2LY and CSPG4LY was checked in MACS sorted ITGA6+ short-term cultured (18 days) and long-term cultured (48 days) testicular cells of control men. PCR products were visualized using gel electrophoresis.
To compare the degree of possible spermatogonial differentiation to more advanced germ cells during culture of testicular cells of AZFc-deleted patients with that of controls, expression levels of spermatogonial markers (ubiquitin carboxyl-terminal esterase L1 (UCHL1), zinc finger and BTB domain containing 16 (ZBTB16), glial cell line-derived neurotrophic factor family receptor alpha 1 (GFRA1) and melanoma antigen family A4 (MAGEA4)) and germ cell differentiation markers signal transducer and activator of transcription 3 (STAT3), spermatogenesis and oogenesis specific basic helix-loop-helix 2 (SOHLH2), v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) and synaptonemal complex protein 3 (SYCP3) were determined using quantitative real-time polymerase chain reaction (qPCR) in cultured testicular cells that were HLA 2 MACS sorted for germ cells.
All quantitative PCR reactions were probe based using Universal probes (Exicon probes, Roche diagnostic, Germany) and all primer sets were selected from the universal probe library (see Table I ) of Roche-applied science (www. roche-applied-science.com) and optimized on RNA from human testis tissue. The specificity of the primers was confirmed by sequencing the obtained PCR product. Real-time PCR was performed in the Lightcycler 480 Real time PCR system (Roche diagnostic, USA) in 384 well plates using the following program: 15 min at 958C, 50 cycles of 15 s at 958C, 20 s at 558C, 20 s at 728C. The total volume for each PCR reaction including Absolute PCR master mix (AB-1132, Abgene, Germany) was 10 ml. Polymerase (RNA) II polypeptide A (POLR2A) was selected as reference gene (Radonic et al., 2004) . All samples were run in triplicate. The mean Ct values for each transcript were normalized to that of the reference gene and comparison between short-and long-term cultured AZFc-deleted and control samples were calculated with the DDCT method.
In cases where no gene expression was observed, the Ct value was assumed 50 cycles (the number of total performed cycles).
Statistics
One way ANOVA with Tukey-Kramer post hoc test was used to compare the expression of different markers in AZFc-deleted samples with controls after 18 days and 48 days of culture. A P-value ,0.05 was considered to be significant.
Results
Confirmation of AZFc deletion in testicular tissue
The initial diagnosis of an AZFc deletion was based on the absence of STS markers SY1191, SY1206 and SY1291 and the presence of SY142, SY1197 and SY1201 in blood. In order to rule out germ line mosaicism (i.e. the presence of an AZFc deletion in blood but not in testis) we investigated the presence of the same STS markers in testis derived DNA. We confirmed the presence of the deletion in testicular tissue from all six patients and the absence of the deletion in all three controls (Fig. 1 ). AZFc-deleted patients, one patient showed only SCO tubules in the examined biopsy sections, while all others showed a mixed phenotype of which three showed SCO and maturation arrest and two SCO with maturation arrest and full spermatogenesis (Table II) . The percentage of SCO tubules in the scored biopsy varied between 18 and 100% in the evaluated sections (Table II) . Upon TESE, sperm was found in two out of six patients (URO0099 with 18% SCO tubules and URO0155 with 56% SCO tubules). In testis sections of controls, we evaluated 58-122 tubules per control. Almost all tubules showed elongated spermatids and hardly any SCO tubules were observed (Table II) .
Histological evaluation of testicular tissue
Testicular cell culture
To study the behavior of testicular cells of AZFc-deleted patients and controls during short-term culture (18 days) and long-term culture (48 days), the number of germline stem cell-clusters (GSCs) formed in culture was evaluated. During short-term culture, testicular cells of all patients and controls underwent two passages and no cluster formation was observed in any of the cultures. During long-term (48 days) culture, testicular cells of AZFc-deleted patients went through 5-6 passages and GSCs were observed in four out of six patients, while testicular cells of controls went through 6 -7 passages and GSCs were present in all of them. Whenever GSC formation was observed, it was first observed at the end of the third week. In two out of three controls and two out of six patients .20 GSCs were formed, while the number of GSCs in the other two cultures (one patient and one control) was ,10 (Table II) .
Expression of AZFc genes in ITGA6 sorted spermatogonia during culture
We determined whether AZFc genes are expressed in non-cultured human spermatogonia and found that all five AZFc genes were expressed in noncultured spermatogonia of all three controls. During culture the expression of GOLGA2LY and CSPG4LY expression was maintained throughout the entire culture period, while the expression of BPY2 and CDY1 was lost already in short-term culture and the expression of DAZ was maintained in short-term culture but lost in long-term culture (Fig. 2) .
Expression of spermatogonial genes in HLA 2 germ cells during culture
We next examined the expression of spermatogonial markers in HLA 2 germ cells during short-term and long-term culture in all patients and controls. We quantified the expression of UCHL1, GFRA1, ZBTB16 (also known as promyelocytic leukemia zinc finger ortholog (PLZF)) and MAGE A4 in HLA 2 germ cells. During culture similar expression levels of UCHL1, GFRA1 and ZBTB16 were detected in testicular cell cultures of AZFc-deleted and control men (Fig. 3A) . The expression level of MAGE A4 was low in controls at short-term culture but AZFc-deleted samples showed a significantly lower expression in comparison to controls. In long-term culture, expression of MAGEA4 in both AZFc-deleted and control samples was hardly detectable (Fig. 3A) .
Expression of genes associated with spermatogonial differentiation
To investigatewhether AZFc deletions enhance or reduce differentiation of spermatogonia, we determined the expression of markers for early and later steps of spermatogonial differentiation in cultured and HLA 2 sorted germ cells of AZFc-deleted patients and that of non-deleted controls. Spermatogenesis and oogenesis specific basic helix-loop-helix 2 (SOHLH2) and signal transducer and activator of transcription 3 (STAT3), both important markers for early differentiation (Toyoda et al., 2009) , were equally expressed in cultured germ cells of AZFc-deleted patients Figure 1 Confirmation of the absence of the complete AZFc region in testis tissues of all AZFc-deleted patients. The complete absence or presence of the AZFc region in testicular genomic DNA of all patients and controls was performed in a multiplex PCR by testing six STS markers. Primer set 1 contains sY142, sY1191 and sY1197. Primer set 2 contains sY1206, sY1291 and sY1201. Absence of sY1191, sY1206 and sY1291 in the presence of sY142, sY1197 and sY1201 (LANES 4 -9) confirmed the AZFc deletion in our azoospermic patients. All controls had no deletion (LANES 1 -3 and controls in short-and long-term cultures (Fig. 3B) . Although, the mean expression of SOHLH2 in AZFc-deleted germ cells was slightly higher than in controls, the difference was not significant. v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT), another spermatogonial differentiation marker showed relatively low expression and synaptonemal complex protein 3 (SYCP3), known as a late meiotic marker, showed very limited (almost no expression) expression in short-term and long-term culture of germ cells of both AZFc-deleted patients and controls. Statistical analysis showed no significant difference in expression of both markers in cultured germ cells of AZFc-deleted men compared with that of control men and no difference in expression levels between short-and long-term cultured HLA 2 germ cells (Fig. 3B ).
Discussion
In this study, we showed that spermatogonia of azoospermic patients with an AZFc deletion behave similar in culture and are indistinguishable in terms of expression of markers for undifferentiated spermatogonia (ZBTB16, UCHL1, GFRA1) and germ cell differentiation (SOHLH2 and STAT3, KIT and SYCP3) when compared with spermatogonia of men without an AZFc deletion. Five genes located in the AZFc region are most likely translated into protein, including BPY2 and DAZ that are known to be expressed in human spermatogonia (Menke et al., 1997; Vogt et al., 2008 ). In the current study, for the first time, we have demonstrated that all AZFc genes are expressed in freshly isolated non-cultured human spermatogonia. During in vitro propagation, expression of two of these genes (BPY2 and CDY1) is lost within 3 weeks and expression of DAZ is lost within 7 weeks of culture. Although we still do not know what the impact of losing the expression of some genes during culture is, at least it is apparent that these genes are not essential in survival of SSCs in vitro. The function of GOLGA2LY and CSPG4LY in human testis is unknown (Navarro-Costa et al., 2010) but the steady-state expression of these genes in spermatogonia during in vitro human SSC culture suggests that they exert their function in these cells. What is true for all AZFc genes based on the results described here is that they are not crucial for proliferation of spermatogonia at least in vitro.
Although some inter-patient variation was observed, the expression of early spermatogonial markers UCHL1 (Luo et al., 2006; Wang et al., 2006) , ZBTB16 (Costoya et al., 2004) and GFRA1 (Buageaw et al., 2005; Gassei et al., 2010) was similar in AZFc-deleted as in non-deleted spermatogonia in both early and late culture. This again suggests that the presence of AZFc genes is not critical for survival and propagation of SSCs. Among spermatogonial markers, the expression of MAGEA4 was lost during long-term culture in all samples including non-deleted controls. It is well known that cells change their expression profile in response to an altering microenvironment especially when taken from an in vivo to an in vitro environment (Sandberg and Ernberg, 2005) . The expression of MAGEA4 in short-term culture was low in controls and AZFcdeleted samples showed significantly lower expression. The earlier loss of MAGEA4 expression in spermatogonia of AZFc-deleted men is of unknown significance but the loss of MAGEA4 during long-term culture suggests that MAGEA4 is not required for SSC maintenance and proliferation at least in vitro.
In histological evaluation, the overall Johnsen score was 2.6 + 0.6 for men with AZFc deletions and one out of the six studied patients showed a complete SCO tubular phenotype in the examined biopsy (17%), three out of six showed maturation arrest (50%) and 2 out of 6 (33%) showed normal spermatogenesis (at least in some tubules). In two out of six patients (33%) sperm was successfully retrieved upon TESE. The Johnsen score for men with AZFc deletions was reported in only one other study that evaluated nineteen AZFc-deleted patients. In this study the Johnsen score was 5.1 + 1.7 which is higher than the score observed in our study possibly reflecting the variable phenotype of men with AZFc deletions (Zhang et al., 2013) . Multiple studies have reported sperm retrieval rate and testicular histology in men with AZFc deletions. In these studies the sperm retrieval rate with TESE varied between 30 and 87% and the frequencies for the three histological phenotypes varied between 16 and 58% for complete SCO, 6 and 65% for maturation arrest and 6 and 38% for normal spermatogenesis (Oates et al., 2002; Hopps et al., 2003; Ferras et al., 2004; Stouffs et al., 2005; Patrat et al., 2010; Kim et al., 2012; Zhang et al., 2013) . The corresponding rates in our study all fall within these ranges.
It has been suggested that AZFc deletions cause a progressive phenotype in which patients transition gradually from oligozoospermia to azoospermia with increasing frequency of SCO tubules (Simoni et al., 1997) . To investigate whether a progressive SCO phenotype is the result of SSCs depletion due to increased SSCs differentiation, we investigated the expression of markers for differentiating germ cells, i.e. SOHLH2 (Hao et al., 2008; Toyoda et al., 2009) , STAT3 (Oatley et al., 2010; Kaucher et al., 2012) , KIT (Rossi et al., 2008) and the meiosis marker SYCP3 (Aarabi et al., 2006; Shi et al., 2013) . The expression of all four markers was very low and similar in spermatogonia from 
Spermatogonial function in men with AZFc deletions
AZFc-deleted and that of control men at all-time points in culture. This indicates that AZFc deletions do not affect the differentiation rate of spermatogonia, at least not in vitro. Isolated testicular cells were cultured using our previously described testicular cell culture system (Sadri-Ardekani et al., 2009) . In this culture system, we take advantage of accompanying somatic cells as feeder cells that provide the suitable microenvironment for propagating spermatogonial cells including SSCs. As the behavior of AZFc-deleted spermatogonia in culture was not different from controls, we might conclude that also the microenvironment provided by (AZFc-deleted) somatic cells in culture is similar in AZFc-deleted men and controls. Thus, somatic cells in the testis appear not to be affected by AZFc deletions in respect to supporting spermatogonial maintenance and proliferation. One patient (AMC 1295) with SCO showed stem cell clusters upon culture. Although all tubules examined with histology demonstrated SCO, it is still very well possible those other parts of the testis of this man still contain spermatogonia and thus, spermatogonia could have been included in the biopsy that was used for testicular cell culture. The opposite is also true in our hands: we have experienced that in some cases with full spermatogenesis, SSCs could be identified in culture by expression markers while no GSCs were formed in culture. This reflects the heterogeneous nature of our testicular cell culture system.
The heterogeneous cell population in our culture system makes it difficult to directly analyze specific cell types. We relied on membrane specific markers to purify spermatogonia or germ cells. Specifically, we used ITGA6 MACS to enrich for cultured human spermatogonia including SSCs (Nickkholgh et al., 2014) . Similarly, we used MACS HLA 2 germ cells (Anderson et al., 1984; Kurpisz et al., 1986; Jassim et al., 1989) to study the potential enhanced spermatogonial differentiation to more advanced germ cells. As equal amounts of RNA for all samples were used for RT-PCR and results were normalized against a reference housekeeping gene, similar gene expression levels most likely reflect similar gene expression per cell in AZFc-deleted samples and in controls. Since spermatogonia in culture do not appear to be affected by AZFc deletions and AZFc-deleted spermatogonia can progress fully to spermatozoa in vivo, increasing the number of spermatogonia in culture might be a way to directly treat men with AZFc deletions. Such treatment would involve a testicular biopsy, propagation of SSCs in vitro and subsequent transfer of these propagated SSCs to the patients' testis. These transferred SSCs would then home to their niche in the testis, colonize the testis and then initiate self-renewal and differentiation. Eventually this would then revert the azoospermia phenotype to oligozoo-or even normozoospermia. If successful, this treatment would prevent the use of ICSI with its associated risks, costs, burden and possible long-term health effects on offspring (Alukal and Lamb, 2008; Chambers et al., 2009; Okun and Sierra, 2014) . Of course, the SSC transplantation technique is not yet clinically applicable (Struijk et al., 2013) but it will likely be in the near future. Besides treating men with AZFc deletions, SSC transplantation could theoretically also be used to treat other cases in which there is a shortage of spermatogonia in vivo as long as the existing spermatogonia are fully functional. The experiments described in this study could provide a roadmap for determining whether such treatment would work in these cases.
In conclusion, the current study demonstrates that AZFc-deleted spermatogonia behave very similar to normal spermatogonia in vitro and show equal levels in expression of spermatogonial and differentiation markers as spermatogonia from non-deleted control men. This indicates that treatment of men with AZFc deletions by propagating their SSCs in vitro and autotransplanting them back to the testis is potentially feasible treatment option to restore their fertility.
